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1. Abstract
Membrane filtration is used in a wide array of industries to separate components in a mixture.
Filtration membranes suffer from the external deposition of pollutants and microorganisms, a
phenomenon known as fouling. Fouling reduces the lifetime of a membrane and therefore
increases production costs. The goal of this project was to modify the surface of a hydrophobic
commercial membrane with a charged coating to induce antifouling properties. A zwitterionic
monomer, sulfobetaine methacrylate (SBMA), was used for its steric hindrance and hydration shell
formation mechanisms, which result in superior non-specific antifouling performance. When
polymerizing the coating onto the surface of the commercial hydrophobic membrane, incremental
amounts of SBMA monomer (9.50–23.75%), SpeedCure 4265 initiator (1.5–2.5%), and ethylene
glycol dimethacrylate (0.5%–1.25%) crosslinker (EGMA) were added to a 1:2 solution composed
of water and isopropyl alcohol (IPA). The coated membranes were polymerized for 30 seconds
using a COBRA Cure™ FX2 UV LED Curing System with a wavelength of 365 nm. Contact angle
measurements confirmed that the modification process changed the surface of the membranes from
hydrophobic to hydrophilic. An existing commercial antifouling membrane and the 9.50% SBMA,
0.50% EGMA, and 1.50% SpeedCure 4265 modified membrane exhibited superior antifouling
performance compared to the other experimental membrane combinations.
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2. Introduction
Separation processes account for 40-70% of both operating and capital costs for chemical and
pharmaceutical industries and are commonly used in water filtration and biomedical devices [1].
These processes are vitally important in the chemical and pharmaceutical industries due to the
frequent use of bioprocesses involving cells and living organisms products of high added value
that must be removed or extracted [1]. Membrane filtration has become firmly established as a
primary technology in ensuring the purity, safety, and efficacy of modern biopharmaceuticals [2].
Membrane filtration is preferred to separation alternatives, such as distillation, evaporation,
adsorption, extraction, and chromatography due to the process's economic, environmental, and
safety benefits [1]. Membrane filtration is used across a wide variety of biopharmaceutical
applications, including but not limited to medical implants and biosensors [3]. However, filtration
membranes suffer from the external deposition of pollutants and microorganisms, a phenomenon
known as fouling. These pollutants and microorganisms can clog the membrane’s pores or deposit
as a cake layer on the membrane’s surface, which will slow down the filtration rate, ultimately
leading to membrane failure. Fouling is a severe problem in the biopharmaceutical industry as in
addition to reducing the membrane's lifetime, it can cause bacterial contamination resulting in
infection, which can ultimately be life-threatening [4]. Various methods can be used to produce
antifouling coatings that work to kill, degrade, or prevent the adhesion of bio-contaminants.

2.1 Problem Statement
Meissner Filtration Products Inc. is a leader in microfiltration across a wide range of industries
worldwide. During the filtration process, fouling will occur on the surface of the filtration
membrane. Fouling, which is the deposition or adsorption of particles onto a membrane’s surface,
can prevent the filtrate from flowing through the membrane, resulting in poor filter performance.
The goal of this senior project was to design a charged coating for a hydrophobic commercial
membrane that optimizes non-specific antifouling performance by altering the monomercrosslinker concentration, initiator concentration, and UV exposure time.
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3. Background
Membrane fouling is widely defined as the non-specific adsorption and deposition of various
foulants on a membrane’s surface and in a membrane’s pores, causing a sharp decline in permeate
flux. Fouling occurs on the membrane for several different reasons. Solutes or colloids can be
absorbed either within the membrane or on the surface of the membrane. Additionally, sludge flocs
can be deposited onto the surface of the membrane, or a cake layer of foulant can form. During
long-term operation, spatial and temporal changes to the cake layer’s composition can also lead to
membrane fouling [5].

3.1 Types of Fouling
Membrane fouling typically falls into two subgroups: reversible fouling and irreversible fouling.
Reversible fouling occurs when a material is deposited on the surface of the membrane and forms
a cake layer (Figure 1). Reversible fouling can be removed through physical means. Backwashing
and relaxation are two common ways to remove this type of external fouling [5]. Irreversible
fouling, however, is caused by mechanisms of chemisorption and pore plugging. When irreversible
fouling occurs, some fouling can be removed with chemical or physical agents; however, the
residual irreversible fouling gradually builds up and can reach a critical level. At such a point, the
membrane needs to be replaced as it is no longer able to be cleaned to operate above the critical
flux level [6].

Figure 1. Foulants can develop a cake surface layer on top of the membrane or close/plug the membrane’s pores.
This type of fouling reduces the flux through the membrane [6].

3.2 Types of Foulants
There are four main categories of membrane foulants. Membrane fouling is induced by physical
and chemical interactions among various fouling constituents in the feed solution and between the
fouling constituents and the membrane. The optimal strategy used to control fouling is dependent
on various factors, such as the feed water composition and the type of foulant. The four main
classification categories for foulants are particulates, organic, inorganic, and microbiological
organisms [7].
Particulates can take on the form of organic or inorganic particles or colloids. They can also bind
to the membrane surface and block the filter’s pores or develop a cake layer on the surface of the
membrane. The cake layer covers the membrane pores, reducing the flux capacity of the
membrane. Organic foulants are dissolved components and colloids which adhere to the membrane
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by adsorption. Some examples of organic foulants include proteins and hydrophobic materials.
Inorganic foulants are dissolved components, such as iron and manganese, which form precipitates
on membrane surfaces due to pH changes or oxidation. Micro-biological organism fouling is when
algae and microorganisms attach to the surface. These organisms can produce biofouling, which
results in the formation of a biofilm on the surface of the membrane [7].

3.3 Methods to Combat Fouling
In many instances, membrane fouling is inevitable. However, various techniques can be employed
to restore the flux through the membrane to achieve original operating behavior. Depending on the
type and severity of the fouling, the foulants on the membrane can be removed. Not all foulants
are removable. Therefore, when the foulants impede too much of the permeate flux, the membrane
may need to be replaced. Modification of the membrane's surface can also be completed. Surface
modification can slow down fouling, allowing the membrane to be used for a longer period. The
method used in each application is primarily controlled by the type of fouling and the type of
foulants.

3.3.1 Removal of Foulants
Reversible foulants can be treated by using backflushing. During backflushing, the flow across the
membrane is reversed. In many cases, backflushing alone does not completely remove all the
foulant on the membrane surface. Backflushing tends only to increase the porosity of the cake
layer that forms on the membrane surface. To remove the foulant on the surface of the membrane,
backflushing needs to be coupled with a crossflow velocity step. It has also been recorded that the
cake layer foulant can act as a prefilter for the membrane and help prevent pore blocking. To
efficiently backflush, only a certain amount of cake layer needs to be removed. If too much cake
layer is removed, pore-clogging can happen with a higher frequency. Therefore, the backwash
procedure needs to be optimized for the environment of use. Backflushing can be used on lowpressure membrane systems, such as those in microfiltration and ultrafiltration environments.
Higher pressure membrane systems, such as nanofiltration, cannot use backwashing as a means to
control fouling. The complexities surrounding the development of an appropriate backflowing
schedule for a commercial membrane that experiences a wide array of environments ultimately
make backflushing an impractical method of fouling prevention [8].
Reversible foulants can also be treated through membrane pressure relaxation. During this process,
the pressure in the system is decreased. Relaxation can allow filtration to be maintained for a longer
period; however, relaxation reduces filtration speed. Similar to backflushing, the relaxation
procedure needs to be optimized for the operating environment of the membrane. The complexities
associated with relaxation prevent it from being a viable method to combat fouling [9].
If the membrane is subjected to irreversible fouling, chemical agents can be introduced to aid in
the removal process. For foulant reduction, the membrane needs to be treated with a combination
of acid solutions, bio-acid solutions, or alkaline solutions. These solutions have been seen to help
with both organic and inorganic fouling removal. However, the chemical cleaning process is quite
expensive and can lead to irreversible damage if incorrectly applied [10].
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3.3.2 Membrane Replacement
Another alternative is to replace the filtration membrane. However, this solution is expensive as it
causes an interruption in the production line. Additionally, for pharmaceutical applications, single
use membranes are predominately used. Therefore, mitigating membrane fouling is critical as it
can reduce the frequency for membrane replacement for these applications.

3.3.3 Membrane Surface Modification
In an effort to cut operating and capital costs, researchers have been interested in exploring the
alteration of the membrane’s surface chemistry with the deposition of a coating to slow down
membrane fouling, increasing the membrane’s lifetime. Two common methods of increasing the
fouling resistance of a membrane include altering the surface’s hydrophilicity and the addition of
charged particles to the membrane surface.
3.3.3.1 Surface Hydrophilization
Surface hydrophilization with different chemistries and molecular structures is one of the most
common ways to improve the antifouling properties of the membrane against nonspecific foulants.
One of the most popular methods of inducing hydrophilic properties in the polymeric membrane
is the polymerization of a hydrophilic coating onto the membrane surface. The addition of a
hydrophilic coating will make the membrane wettable by water and may also help repel
hydrophobic foulants, improving the surface’s antifouling properties depending on the coating’s
chemistry [11].
Many researchers have explored the use of polyethylene glycol (PEG), a hydrophilic polymer, to
modify filtration membranes. PEG-modified surfaces form a hydration shell from the hydrogen
bonds between PEG and water molecules and have a steric repulsion effect due to chain flexibility,
both of which help improve the antifouling properties of the membrane. However, researchers
have found that PEG is susceptible to oxidation, which decreases its antifouling properties in the
presence of oxygen and transition metal ions. Therefore, it is necessary to explore other alternatives
for antifouling materials, which provide better stability and antifouling properties [12].
3.3.3.2 Surface Charged Modification
Surface charged modification is becoming increasingly popular in antifouling studies as the
charged coating on the filtration membrane will form repulsive forces with the ions in the filtered
solutions, reducing the fouling of the membrane. Most colloidal particles, such as natural organic
matter (NOM)s that deposit on the filtration membrane, are typically negatively charged.
Therefore, most coatings developed are negatively charged. However, some proteins can be
positively charged foulants. Therefore, researchers have also developed positively changed
membrane surfaces, which repel against positively charged protons. For the purpose of this project,
a zwitterionic monomer was used to form a neutral charged antifouling surface, which provides
more effective antifouling performance for nonspecific foulants than solely positively or
negatively charged membrane surfaces [13].
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3.4 Overview of Zwitterionic Antifouling Coatings
Zwitterionic materials are electrically neutral and consist of both positively and negatively charged
groups. They are considered the next generation of antifouling materials because their strong
electrostatic interactions allow for the formation of a denser and tighter hydration shell than those
formed from hydrogen bonds. Their superior antifouling properties make them a popular choice
for membrane coatings used in medical devices, biosensors, and marine coating applications. The
two main antifouling mechanisms for a zwitterionic coated membrane are the formation of a
hydration shell and the steric hindrance effect [12].

3.4.1 Hydration Shell Formation
The zwitterionic materials on the membrane surface will combine water molecules via electrostatic
interactions to develop a hydration shell. This hydration shell is believed to act as a barrier that
helps prevent the surface from directly contacting the foulants. The hydrophilicity of the modified
surface provides a higher Gibbs free energy, making it less likely for foulants to break through the
hydration shell.
PEG coatings also form a hydration shell. However, the shell produced by zwitterionic materials
is denser and thicker than that made by PEG. Each repeat unit of PEG has one oxygen atom
integrated with one water molecule via hydrogen bonding interactions. In contrast, each unit of a
zwitterionic monomer can be integrated with up to eight water molecules via electrostatic
interactions (Figure 2). Additionally, the water molecules in the hydration shell formed by
electrostatic interactions provide an environment similar to that of free water. Therefore,
zwitterionic materials will be more biocompatible and better at resisting biological macromolecule
foulants than PEG-based materials [12].

Figure 2. Schematic of the hydration shell formed with the addition of zwitterionic materials to the membrane
surface. Zwitterionic materials can be integrated with eight water molecules, forming a denser and thicker hydration
shell than other antifouling materials.
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3.4.2 Steric Hindrance
The antifouling properties of a zwitterionic coating are also controlled by the steric hindrance of
the zwitterionic polymer chains. This steric hindrance effect also occurs with the use of coatings
composed of other hydrophilic polymer chains. Zwitterionic polymer chains have a large excluded
volume. As foulants contact the zwitterionic surface, the polymer chains will compress. This
compressed state is unstable; therefore, the Gibbs free energy of the system increases in the
compressed state. The polymer chains will later recover to the more favorable, stable swelled state,
preventing foulants from reaching the surface of the membrane (Figure 3) [12].

Figure 3. Schematic of the steric hindrance mechanisms of zwitterionic polymer chains. As foulants hit the
zwitterionic surface, the chains will compress into an unstable state. As polymer chains extend to their stable states,
the foulants will be prevented from contacting the zwitterionic surface.

3.5 Application of the Zwitterionic Coating
Zwitterionic materials can be used to modify filtration membrane surfaces to improve their
antifouling properties, increasing the membranes' efficiency and long-term utilization. One of the
most popular approaches for incorporating zwitterionic materials on the surface of filtration
membranes is surface grafting. Surface grafting is the addition of polymer chains to a surface with
stable covalent bonds, which provide long term stability. The surface grafting process can be
divided into two methods: grafting to and grafting from [12].

3.5.1 Grafting To
Grafting to is the process of directly grafting preformed polymer chains to the membrane surface.
Macromolecular chains form thicker hydration shells and stronger steric hindrance than
macromolecules in water environments. Therefore, due to the macromolecular chains' steric
hindrance, there will be a lower grafting density than that from the grafting from process.
Additionally, for zwitterionic materials, it is easier to use the grafting from method because
commercial zwitterionic polymers are rare [12].
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3.5.2 Grafting From
Grafting from refers to the graft polymerization of monomers from the membrane surface.
Zwitterionic polymers are often grafted from membrane surfaces by living radical polymerization
methods or conventional radical polymerization methods [12].
3.5.2.1 Living Radical Graft Polymerization
Living radical graft polymerization methods can be used to tightly control the molecular weight
distribution of graft polymers and the thickness of the grafting layer. In these methods, a special
compound is added to the polymerization system to produce reversible chain termination or chain
transfer reactions with free radicals, which results in the loss of activity in their dormant species.
The most common living radical graft polymerization methods are atom transfer radical
polymerization (ATRP) and reversible addition-fragmentation chain-transfer polymerization
(RAFT). ATRP has mild reaction conditions, a small number of steps, and all the reagents are
readily available. However, ATRP is not ideal as it requires metal catalysts. Meanwhile, RAFT
has a slower polymerization rate but does not require the use of metal catalysts and is suitable for
a wider range of monomers. Living radical graft polymerization processes provide greater control
over the molecular weight distribution. However, they require long reaction times and additional
chemical agents for polymerization. Therefore, living radical graft polymerization processes are
more complex than conventional grafting methods, making them hard to scale up for the necessary
industry application [12].
3.5.2.2 Conventional Radical Polymerization
The conventional radical polymerization methods can be grouped by the method of the formation
of free radicals used in the process. These techniques include ozone-initiated, plasma-initiated,
physisorption radical, and photo-initiated graft polymerization [12].
3.5.2.2.1 Ozone-Initiated Polymerization

Ozone-initiated polymerization has a similar selectivity to that of UV-initiated polymerization but
has an advantage due to uniformly introduced peroxides on membrane surfaces. These peroxides
decompose into surface free radicals, initiating the grafting of zwitterionic polymers from the
membrane surface. However, ozone-initiated graft polymerization can result in the degradation of
the membrane surface and zwitterionic polymers, which is not desirable for this project [12].
3.5.2.2.2 Plasma-Initiated Polymerization

The degradation of zwitterionic polymers that can occur during ozone-initiated polymerization is
not an issue in plasma-initiated polymerization. In this polymerization method, plasma, a mix of
atomic, molecular, ionic, and radical species, is used to provide an active chemical environment
where plasma-surface reactions can occur with the formation of free radicals or functional groups
on the surface of membranes. Plasma-initiated polymerization can be either utilize low pressure
plasma or atmospheric pressure plasma. Large scaling of low-pressure plasma can be challenging
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as it requires a high vacuum chamber, which is not ideal for commercial applications due to its
high expense.
3.5.2.2.3 Physisorbed Radical Polymerization

Physisorbed free radical polymerization is an easy and effective method to prepare a grafted
membrane. It is a combination of free radical polymerization and surface graft polymerization and
works by preabsorbing a hydrophobic indicator to the surface of the bulk polymer, exploiting the
difference in polarity between the hydrophobic initiator radicals and the water-based polymer
medium, and using the physisorbed free radical species to form surface grating of hydrophilic
monomers [14]. This process is typically used to modify the interior walls of pipes and tubing,
making it ideal for water desalination or wastewater treatment applications. Since the final
membranes produced for this project are for biopharmaceutical applications rather than large-scale
water purification applications, this polymerization method was not considered [12].
3.5.2.2.4 Photo-Initiated Polymerization

Photo-initiated polymerization is a cost-effective and straightforward method. Photo-initiated
polymerization requires the addition of an initiator. As light hits the initiator, initiator radicals will
form, which can then cleave pendant groups on the membrane’s backbone. As a result, radicals
will form on the surface of the membrane from which the zwitterionic chains can propagate. UVinitiated polymerization is the most popular form of photo-initiated polymerization due to its quick
reaction time [12]. The sponsor chose UV-initiated polymerization as the polymerization process
for this project because it has a low investment cost and is a relatively simple method used to
initiate free radical polymerization [15].

3.6. Conditions for the Application of the Coating
The choice of the UV-initiated polymerization process controls the membrane, initiator, and
monomer that can be used for this project. Additionally, the hydrophilicity of the modified
membrane and the antifouling properties are proportional to an increase of grafting density, which
is controlled by monomer concentration, photoinitiator concentration, and UV irradiation time.
Increasing the zwitterion grafting density improves the antifouling properties of the membrane due
to the dense hydration shell and strong steric hindrance. However, there is a trade-off between
antifouling properties and membrane permeability when surface grafting. If the grafting density is
too high, the membrane’s pores will become blocked and shrink, decreasing the permeate flux.
Therefore, it is crucial to find the proper ranges for varying monomer concentration, photoinitiator
concentration, and UV exposure time to obtain the ideal grafting density for the filtration process.
These values are dependent on the specific monomer and photoinitiator chosen for the
polymerization of a coating on the membrane’s surface. Prior research has suggested that the
grafting density for zwitterionic materials on filtration membranes necessary to provide a balance
between permeability and antifouling performance is around 0.4 mg/cm2 [12].
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3.6.1 Monomer
Some of the most widely used zwitterionic monomer types for antifouling coatings are
sulfobetaines, carboxybetaines, and phosphoryl cholines. In particular, poly(sulfobetaine
methacrylate) (PSBMA), poly(carboxybetaine methacrylate) (PCBMA), poly (2methacryloyloxyethyl phosphoryl choline) (PMPC) are commonly coated on to membrane
surfaces due to the convenient polymerization of their monomers’ carbon-carbon double bonds
[12]. Their structures are depicted in Figure 4.

Figure 4. Structures of common zwitterionic polymers [12].

A commercial sulfobetaine methacrylate was chosen for this project due to its relatively low cost
(Figure 4). Pricing on Sigma Aldrich lists the commercial sulfobetaine methacrylate as less than
$1/g. However, commercial carboxybetaine methacrylate and 2-methacryloyloxyethyl
phosphorylcholine cost as much as $69/g and $24/g, respectively.

3.6.2 Initiator
Due to the choice of a UV polymerization reaction, a light-sensitive initiator was chosen.
Photoinitiators produce radicals when exposed to UV light and are classified as either Norrish type
I or II. Norrish type I initiators often contain benzoyl groups. A free radical in this group is
produced when the carbonyl absorbs a photon and becomes excited. The excited α-carbon bond
produces two radical fragments after it is homolytically cleaved. Norrish type II initiators also
form excited molecules by absorbing UV light. These molecules can extract either an electron or
hydrogen atom from a donor molecule. The donor molecule is then able to initiate polymerization
by reacting with the monomer [16].
The chosen grafting from polymerization process of the SBMA monomer chains works by a freeradical polymerization (FRP) process using a Norrish type II photoinitiator. SpeedCure 4265 was
chosen due to its compatibility with the 365 nm ProPhotonix Cobra CureTM FX2 UV lamp
purchased. FRP starts by initiation by UV light exposure. As light hits the membrane, the UVsensitive initiator will split to form free radicals. These radicals will then extract hydrogen off the
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surface of the polymer membrane, forming a radical on the membrane’s surface. SBMA monomer
will then react with the radical and propagate forming poly(SBMA) zwitterionic chains (Figure 5).

Figure 5. The grafting from UV polymerization of the SBMA monomer.

Increasing the initiator concentration will increase the number of radicals, increasing the rate of
initiation resulting in an increased surface density of polymer chains tethered to the membrane’s
surface. However, adding too much initiator can result in the decomposition of the polymer
membrane.

3.6.3 UV Exposure
The wavelength and intensity are two important characteristics of a UV light. The correct
wavelength and minimum intensity are needed for a photoinitiator to react efficiently. Nonoptimal
wavelengths and intensities may prevent the photoinitiator from reacting completely [17]. The
wavelength of UV light must match the absorbance peak of the initiator for optimal reactivity.
Meanwhile, insufficient activation of photoinitiators will result in a low concentration of radicals
[17]. Without sufficient activation or concentation of photoinitiators, monomers are unable to
covalently bond to the membrane surface, resulting in a low rate of polymerization and a low chain
grafting density on the membrane’s surface [17].
The UV exposure time can also impact the coating’s adhesion to the membrane as a longer
exposure time can increase the generation of free radicals. The intensity of the light affects the
time needed to UV cure, as a lower intensity will require a longer curing time than a higher
intensity to achieve the same result [17]. Using a UV lamp with 45 mW/cm2, other researchers
tested a UV exposure time between 30 and 300 seconds for polymerization of a zwitterionic
coating, finding an optimal exposure time of 120 seconds [18]. Since the UV lamp used for this
project had a higher intensity of up to 5.2 W/cm2, lower UV exposure times were used.
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3.7 Characterization
Various characterization methods can be used to confirm successful membrane modification,
including water contact angle measurements, Fourier-transform spectroscopy, and scanning
electron microscopy.

3.7.1 Contact Angle Measurement
Contact angle measurements can be used to help determine the hydrophilicity of a substrate. The
contact angle can be defined as the angle a liquid creates with the solid or liquid when it is
deposited on it [19]. Lower contact angles indicate more hydrophilic membranes (Figure 6) [11].
If the contact angle is greater than 90°, then the substrate is defined as hydrophobic. However, if
the contact angle is determined to be less than 90 °, the material is hydrophilic [20]. Changes in
water contact angle measurements after polymerization of a zwitterionic coating can confirm the
presence of the zwitterionic polymer coating layers on the membrane’s surface.

Figure 6. Water molecules interacting with a hydrophobic and hydrophilic substrate. The contact angle of the water
droplet on the hydrophobic substrate is larger than the contact angle of the water droplet on the hydrophilic substrate
[18].

Additionally, research shows that more hydrophilic membranes can be less susceptible to fouling
due to hydrophobic interactions. Lower contact angles, corresponding to more hydrophilic
membranes, have been correlated with increased fouling resistance [11]. As a result, a lower
contact angle on the treated substrate may not only indicate that the membrane is more hydrophilic
than the untreated membrane but also may conclude that the treated membrane has better resistance
to fouling.

3.7.2 Scanning Electron Microscopy
The scanning electron microscope (SEM) can also be utilized to help characterize the membrane.
If a detectable difference in structure is present, SEM imaging can be used to determine if the
coating was successfully applied and allow for the observation of foulants on the membrane [21].
The SEM allows for topological observation of the membrane surface. SEM analysis can also be
used to view surface porosity and determine the thickness of the coating applied to the membrane
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[22]. The SEM will let the user see if the coating applied clogged the pores on the membrane. The
SEM can be coupled with the contact angle measurements to determine whether or not the coating
was applied. Additionally, SEM analysis can be used on the membrane to help characterize
fouling. SEM results can be used to determine the type of fouling occurring; however, it is
relatively difficult to quantify the amount of fouling using SEM analysis [23].

3.7.3 Fourier-Transform Infrared Spectroscopy
Fourier-Transform Infrared Spectroscopy (FTIR) can also be used to confirm the presence of a
zwitterionic coating on the membrane’s surface by performing FTIR analysis before and after the
coating is applied to the membrane. The spectrum of the coated membrane will have different
peaks than the spectrum of the uncoated membrane as the peaks correspond to different chemical
bonds [24]. If the coating is successfully applied, the coated membrane's surface chemistry will be
different from that of the uncoated membrane. As a result, different transmission or absorbance
peaks should be present between the two samples. Additional peaks should be present in the FITR
spectrum of the coated membrane that correspond to the function groups present in the zwitterionic
monomer used for polymerization.

3.8 Fouling Test
A polymer membrane's antifouling properties can be measured by filtering a foulant solution
across a membrane. The flux rate across the membrane can then be monitored as a function of time
by recording the amount of filtrate that passes through the membrane for a specified amount of
time. As the membrane fouls, the flux rate will begin to decrease [18]. The time to foul, or the time
once the membrane's flux performance is determined to be unusable for a given application, can
then be recorded as a method of measuring antifouling performance. Recording the total amount
of filtrate at the end of a specified time period can also be used to measure performance. For the
purpose of this project, the membrane’s antifouling performance was determined by evaluating the
final volume of solution filtered through the membrane after 15 minutes, at which point the
permeate flow rate was deemed too low to be practical (e.g. less than 10 mL/min).

18

4. Methodology
For this senior project, a hydrophobic base membrane was modified using ultraviolet (UV)initiated graft polymerization of a sulfobetaine methacrylate monomer. A mixture of 2:1 isopropyl
alcohol (IPA) and water was used as the solvent. IPA was necessary to soak the hydrophobic
membrane and to dissolve the initiator. Meanwhile, water was added to increase the solubility of
the monomer in the solution. In order to rapidly determine if the membrane was modified to be
hydrophilic, the membrane was wetted with deionized water. The hydrophobic base membrane is
naturally matte white in appearance; if the membrane retains its original appearance when wetted,
the membrane is still hydrophobic, and modification was unsuccessful. Modified membranes will
become translucent when wetted. If modification was successful, a water flow test was briefly
performed to observe if any flow will go through the membrane and whether the coating remains
after pressure is applied. Successful membrane modification was then further confirmed through
Fourier-transform infrared spectroscopy (FTIR), water contact angle measurements, and scanning
electron microscopy (SEM). Fouling tests were performed using a pressure pot to measure the
antifouling performance. The fouling test entails measuring the final volume of solution filtered
through the membrane after 15 minutes as further discussed in Section 4.3. Lastly, following
fouling tests, statistical analysis was used to compare the fouling performance of the modified
membrane formulations to that of a commercial membrane. All of these steps are depicted in
Figure 7.

Figure 7. Methodology Roadmap

4.1 Membrane Formulation
A sulfobetaine-based zwitterionic coating was deposited onto a hydrophobic base membrane using
UV-initiated graft polymerization.
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4.1.1 Pilot Testing
Preliminary polymerization tests were conducted to determine whether a successful coating could
be polymerized using various UV exposure times, monomer concentrations, and initiator
concentrations. All membranes were formulated with a grafting from approach using a commercial
hydrophobic membrane, [2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl) ammonium
hydroxide, a commercial sulfobetaine methacrylate (SBMA) monomer, and SpeedCure 4265
initiator.
For the formulation of the zwitterionic polysulfobetaine methacrylate (pSBMA) coating on a
hydrophobic commercial membrane, an analytical balance was used to weigh out the appropriate
amount of monomer into a 50 ml glass beaker. The initiator, water, and IPA were then measured
using microliter pipettes in the respective order. The IPA was added last to prevent the solution
from evaporating during the polymerization process. A stir bar was used to ensure that the solution
was properly mixed. The solution was then poured into a glass petri dish. A cut 2 by 3 inch piece
of the commercial hydrophobic base membrane was then placed into the solution using tongs. The
tongs were only used on the corner of the membrane to preserve the integrity of the membrane.
Once the membrane was completely wetted out, it was transferred to a separate petri dish and
placed under a ProPhotonix Cobra CureTM FX2 curing lamp with a wavelength of 365 nm for
polymerization. The UV curing box was adjusted to the maximum intensity and turned on for the
desired polymerization time. Following UV polymerization, the membrane was rinsed and gently
agitated in IPA and then water for 30 seconds to remove any unreacted monomer.
Following the polymerization process, a quick test for hydrophilicity was conducted by soaking
the modified membranes in deionized (DI) water. Successful membranes were defined to be those
that were fully wet when soaked in DI water. Unsuccessful membranes that showed incomplete
wetting, such as that in Figure 8, and were used to narrow the UV exposure time, the monomer
concentration, and initiator concentration.

Figure 8. Unsuccessful membrane wetting. The presence of hydrophobic regions signify incomplete wetting of the
membrane.
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4.1.1.1 Refinement of UV Exposure Time
The ideal UV exposure time was determined by using a constant monomer concentration of 10%
SBMA solution and a constant initiator concentration of 2% milliliters of SpeedCure 4265
initiator. The initial UV exposure time trialed was 20 seconds. The UV exposure time was
increased by 5 seconds and the subsequent sample was retested. The longest UV exposure time
trialed was 120 seconds. Ultimately, the optimal UV exposure time was determined to be around
30 seconds, as this resulted in the most complete wetting of the membrane sample during
preliminary hydrophilicity tests.
4.1.1.2 Refinement of Monomer and Initiator Concentration
The monomer and initiator concentrations were further refined by altering the monomer
concentration from 5-25% weight/volume (w/v) using an increment of 5%. For each monomer
concentration, the initiator concentration was varied from 1.0-2.5% volume to volume (v/v) with
0.5% increments. Each of the monomer and initiator concentration combinations were
polymerized using a UV exposure time of 30 seconds, which was chosen due to visual inspection
of complete wetting from quick hydrophilicity tests.
From complete wetting during quick hydrophilicity tests, the monomer and initiator concentrations
were then further refined to a range of 10-25% w/v monomer concentration and 1.5-2.5% v/v
initiator concentration.

4.1.2 Confirming Coating Robustness
Membrane combinations that were determined to be successful from the preliminary tests were
repeated for cut pieces of the unmodified commercial membrane in 47 mm diameter circles. Five
modified membrane circles were developed for each combination to allow for an adequate number
of membranes for both antifouling testing and membrane characterization.
A pressure pot was then used to run a water flow test through the modified membranes, and the
rate of DI water flowing through the membrane per minute under a feed pressure of 10 psi was
recorded. Three trials were run for each membrane formulation combination. After the water flow
test, the membranes were allowed to dry in ambient air. The dried membranes were then soaked
in DI water to determine whether the coating remained on the membrane’s surface after the water
flow test. A wet, hydrophilic membrane would signify that a coating remained on the membrane
after the water flow test. However, all of the modified membranes were non-wettable after drying,
so the use of a crosslinker was discussed to increase the adhesion of the coating to the membrane’s
surface.

4.1.3 Final Membrane Formulations
To increase the robustness of the coating and prevent delamination of the coating layer from the
membrane surface, 20% of the original monomer concentration was replaced with ethylene glycol
dimethacrylate (EGDMA), a crosslinker (Figure 9).
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Figure 9. Chemical Structure of EGDMA.

EGDMA provides two vinyl groups and a functionality of two that allows the molecule to act as a
crosslinker between pSBMA chains, forming a pSBMA network. The molecular weight in the
solution increases as the crosslinker forms a pSBMA network. This buildup of molecular weight
increases the probability of covalent attachment of the polymer to the membrane surface.
For the final formulations, nine different samples were made using a UV polymerization time of
30 seconds. These samples had a range of 10-25% w/v monomer concentration and 1.5-2.5% v/v
initiator concentration (Table A). The quick tests for hydrophilicity and water flow tests were
performed on the nine formulations, and any samples that did not pass the tests were eliminated
prior to further characterization.
Table I: Final Membrane Formulations

Sample

Monomer/Solvent
(% m/v)

Crosslinker/Solvent
(% v/v)

Initiator/Solvent
(% v/v)

A

9.50%

0.50%

1.50%

B

9.50%

0.50%

2.00%

C

9.50%

0.50%

2.50%

D

16.63%

0.88%

1.50%

E

16.63%

0.88%

2.00%

F

16.63%

0.88%

2.50%

G

23.75%

1.25%

1.50%

H

23.75%

1.25%

2.00%

I

23.75%

1.25%

2.50%
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4.2 Surface Characterization
Surface characterization of the successfully modified membranes in the form of water contact
angle measurements recorded from a goniometer, Fourier-transform infrared transform
spectroscopy (FTIR), and scanning electron microscopy (SEM) were then used to confirm that
modification occurred.

4.2.1 Water Contact Angle Measurements
A VCA Optima Goniometer was used to measure the wettability of the modified membranes and
the commercial hydrophobic membrane. The degree of wettability can be used to confirm
membrane modification. The syringe was filled with DI water, and a droplet size of 75 µL was
used for the water contact angle measurements. Immediately following the droplet’s contact with
the membrane’s surface, a snapshot of the water droplet was captured. The water contact angle
was then measured using the auto-measure feature on the VCA Optima software. The contact angle
was measured at ten different spots across the membrane to ensure uniform wettability across the
membrane’s surface.

4.2.2 Fourier-Transform Infrared Spectroscopy
A Jasco FT/IR 4600 was used to collect the FTIR spectra for the unmodified membrane and one
of the modified membrane formulations. Before running the membrane samples through the FTIR,
a background scan was completed. The FTIR was also cleaned with IPA before each scan. Sample
spectra were generated of the percent transmittance of the sample as a function of wavenumber.
The spectra of the unmodified membrane and the modified membrane were then compared to
confirm whether membrane modification occurred.

4.2.3 Scanning Electron Microscopy
Scanning electron microscopy was used to characterize the surface of the modified, unmodified,
and fouled membranes. SEM images were taken of the membranes at 4000X using a spot size of
4 and an accelerating voltage of 5kV.

4.3 Fouling Test
A filtration system was then employed to conduct a fouling test at standard conditions to measure
the comparative fouling performance between the experimental and commercial membranes. The
polymerized sample was placed into a 47 mm in-line polycarbonate filter holder and connected to
a 1-gallon ASME-code pressure liquid dispensing tank. The feed reservoir was filled with 3 liters
of foulant solution. The foulant solution used was a combination of Ovaltine and distilled water in
a ratio of .1 grams of Ovaltine per liter of DI water. Ovaltine was used to mimic the effect of
organic foulants on the membranes. The pot was pressurized to 10 psi. A 500 mL graduated
cylinder was placed underneath the filter holder to collect the filtrate (Figure 10). The volume of
filtrate in the graduated cylinder was recorded every minute for a minimum of 15 minutes or until
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the average flow rate across the membrane was less than 10 mL/min. Flow rates less than 10
mL/min were considered as impractical for application.

Figure 10. Pressure pot setup used to evaluate membrane propensity.
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5. Results and Discussion
The results of membrane wetting tests, surface characterization, and analysis of each
membrane’s antifouling performance were used to determine the optimal conditions for UV
polymerization of the zwitterionic coating and to find areas for further research.

5.1 Rough Hydrophilicity of Coating
Out of the nine formulations tested, membrane G was the only membrane that failed to wet
completely, thus no further test were performed for the sample (Figure 11).

hydrophobic

hydrophilic
Figure 11. Incomplete wetting of membrane G with a composition of 23.75% monomer, 1.25% crosslinker, and
1.5% initiator. The white areas indicate hydrophobic areas, while the translucent regions are wet hydrophilic areas.

The water flow rates through the filter in milliliters per minute at a pressure of 10 psi for the
remaining eight modified membranes and a commercial hydrophilic membrane (CM) are
displayed in Table II.
Table II: Water Flow Measurements
Commercial
Membrane

A

B

C

D

E

F

H

I

Run 1
(mL/min)

57

55

56

56

50

49

51

46

49

Run 2
(mL/min)

55

54

54

60

51

49

51

46

48

Run 3
(mL/min)

57

54

55

58

48

47

51

46

50

Average
(mL/min)

56

54

55

58

50

48

51

46

49

From the water flow measurements, it can be determined that the water flow rate through the
commercial membrane is 2-18% faster than the flow rate of all the modified membranes, except
sample C. Sample C has an average flow rate of 58 mL/min, while the commercial membrane has
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an average flow of 56 mL/min. Sample C, on average had a water flow rate that was 3.5% faster
than that of the commercial membrane.
A lower monomer-crosslinker concentration is shown to result in faster flow rates as membranes
A, B, and C composed of 9.50% SBMA monomer and 0.5% EGDMA crosslinker have a higher
water flow rate than the other remaining membranes. However, there does not seem to be as
significant of a decrease between the water flow rates of membranes D, E, and F with 16.63%
SBMA and 0.88% EGDMA and membranes H and I consisting of 23.75% SBMA and 1.25%
EGDMA. The initial reduction water flow rates between membranes A, B, and C and the rates of
D, E, and F are likely attributed to the increased zwitterionic grafting density caused by increasing
the monomer-crosslinker density. Too high of a grafting density can result in blockage and
shrinkage, decreasing the water flux across the membrane [12].
Meanwhile, no clear trend can be concluded about the effect of the change in initiator concentration
among the formulations.

5.2 Surface Characterization
The remaining eight samples were characterized using goniometry, Fourier-Transform Infrared
Spectroscopy (FTIR), and scanning electron microscopy (SEM).

5.2.1 Contact Angle Measurements
Figure 12 shows a snapshot of a 75 µL water droplet immediately after hitting the membrane
surface. Images of a water droplet on a modified membrane and an unmodified commercial are
displayed for comparison.

(a)

(b)

Figure 12. 75 µL water droplet immediately after hitting the surface of (a) an unmodified commercial membrane and
(b) a modified membrane, 16.63% monomer, 0.88% crosslinker, and 2% initiator.
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There is a clear difference in the wettability of the membrane following modification. Prior to
modification, the membrane had a water contact angle greater than 90°, indicating that the base
membrane was indeed hydrophobic [11]. Meanwhile, all eight of the modified membranes tested
had a water contact angle smaller than 90°. Therefore, all of the membranes were determined to
be hydrophilic following UV polymerization of the zwitterionic coating, confirming that surface
modification was successful. The average water contact angles between the water droplet and the
membrane’s surface for each of the eight remaining formulations, the unmodified hydrophobic
membrane, and the commercial hydrophilic membrane are displayed in Table III.
Table III: Water Contact Angle Measurements
Unmodified

Commercial
Membrane

A

B

C

D

E

F

H

I

130.04°

28.96°

56.52°

72.54°

67.84°

71.40°

27.02°

89.28°

14.41°

40.12°

Table III indicates a decrease in the water contact angle following the polymerization of the
zwitterionic coating. It is important to note that while Membrane F displayed an immediate contact
angle close to 90°, the water droplet was completely absorbed by the membrane seconds later; this
could be attributed to the slower water flow rate of the membrane. However, there does not appear
to be any distinct connections between the membrane’s water flow test results and the goniometer
measurements.

5.2.2 Fourier-Transform Infrared Spectroscopy
From Figure 13 of the generated FTIR spectra of the unmodified membrane and a modified
membrane, two new peaks are observed in the modified membrane’s FTIR spectra. The peak
around 3348.8 cm-1 corresponds to a hydroxyl (OH) group, while the transmission peak around
1726.0 cm-1 indicates the presence of an ester group. The ester group in the FTIR spectra is likely
attributed to the ester group in both the SBMA monomer and the EGDMA crosslinker structures.
Meanwhile, the OH group detected is likely attributed to residual water from the SBMA monomer
or from an impurity in the EGDMA crosslinker as EGDMA readily hydrolyzes and undergoes
trans-esterification.
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Figure 13. FTIR transmission spectra of the unmodified commercial membrane and one of the final modified
membranes. New peaks in the modified structure are observed at 3348.8 cm-1 and 1726.0 cm-1.

5.2.3 Scanning Electron Microscopy
The SEM images captured at 4000x for the unmodified, modified, and fouled membrane are
displayed below (Figure 14).

(a)

(b)
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(c)
Figure 14. SEM images at 4000x magnification for an (a) unmodified, (b) modified, and (c) fouled modified
membrane. Images were taken with a spot size of 4 and an accelerating voltage of 5.0 kV.

The SEM image of the unmodified membrane shows a porous membrane structure. Meanwhile,
the decrease of the number and size of the pores between the image of the unmodified and modified
membranes provides evidence that a coating was polymerized on the membrane’s surface. Lastly,
the surface of the fouled modified membrane E appears significantly different from the unmodified
and modified structure. In the fouled image, small particles of Ovaltine can be seen on the surface.
A cake layer is displayed on the surface, confirming that the membrane was fouled at the end of
the tests for fouling performance.

5.3 Statistical Analysis
In total, the fouling performance of eight modified membranes (A–I) and a commercial membrane
(CM) were tested. The performance of each membrane was compared to the performance of a
commercially available membrane. Fouling solution was filtered through each membrane, and the
filtrate was then collected in a graduated cylinder. The Ovaltine solution was filtered at a pressure
of 10 psi, and the volume of the filtrate was measured every minute until the rate of the filtrate
flow was less than 10 mL/min, a performance at which the membrane was determined to be
unusable. The amount of filtrate passed through the membrane during the first fifteen minutes was
examined to standardize the results. In order to understand the fouling behavior of each membrane
over time, the flow rate of the filtrate through the membrane was plotted against time (Figure 15).
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Figure 15. Ovaltine fouling solution flow rate through membranes over time. For the first minute, the commercially
available membrane (CM) had the greatest flow rate, 53.33 mL/minute. Membrane A had an average flow rate of 53
ml/min over the same interval of time.

The behavior of all the membranes, including the commercial membrane, are relatively similar.
The filtrate flow rate starts high and then substantially decreases in the first few minutes. Over
time, the flow rate levels out and approaches a base value.
In order to better understand membrane performance, the average amount of filtrate at the fifteenminute point from the three runs was calculated.
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Table IV: Total Amount of Filtrate Collected at 15 Minutes

Membrane
CM
A
B
C
D
E
F
H
I

Run
1
365
353
340
338
317
395
329
295
339

Run
2
363
375
378
358
330
350
345
270
295

Run
3
377
363
308
280
230
345
292
305
333

Average Volume
(mL)
368
364
342
325
292
363
322
290
322

Standard
Error
4.37
6.36
20.2
23.4
31.4
15.9
15.7
10.4
13.8

Using the average volume values, a one-way analysis of variance (ANOVA) was performed. The
null hypothesis stated that all of the means were equal, while the alternative hypothesis stated that
all of the means were not equal. A significance value of 0.05 was selected, leading to a confidence
interval of 95%. The ANOVA calculated a P-value of 0.033. A P-value less than 0.05 is statistically
significant. This suggests that there is less than a 5% probability that the null hypothesis is correct
(Table V). As a result, the one-way ANOVA performed on this data set indicated that all of the
means are not equal.
Table V: Analysis of Variance

To understand which means were different, a post hoc Tukey test was performed. A significance
value of 0.05 was selected, leading to a confidence interval of 95%. If an interval on the Tukey
Test does not contain zero, the corresponding means are significantly different. Given the data,
however, all intervals contained a zero (Figure 16). Therefore, the null hypothesis stating that all
the corresponding means are the same cannot be rejected at 95% confidence.
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Figure 16. A post-hoc Tukey test was completed on all of the samples. The Tukey test compares each sample against
one another.

The results of the post-hoc Tukey countered those found using the one-way ANOVA. The
conflicting results indicate that the mean of one or more of the membranes is statistically different
from the grand mean. As a result, a T-test was performed for each sample using the grand mean as
the hypothesized mean. A significance value of 0.05 was selected, leading to a confidence interval
of 95%. The grand mean of all samples was determined to be 332.15 mL. The null hypothesis
stated that each membrane mean was equal to the grand mean, while the alternative hypothesis
stated that each membrane's performance was not equal to that of the grand mean. Two
membranes, the commercially available membrane and Membrane A, had p-values less than .05,
indicating that their performance was statistically different from the grand mean (Table VI).

32

Table VI: One Sample T-Test

The total amount of filtrate collected at 15 minutes for the commercially available membrane and
Membrane A was higher than the amounts for the other modified membrane combinations (Table
IV). Therefore, it can be concluded that the antifouling performance of these two membranes is
superior to the remaining membranes.

5.4 Areas of Future Research
Membrane A was the best performing membrane developed; however, it was also the sample with
the smallest monomer and initiator concentrations. Further research should be performed on
membrane formulations with monomer-crosslinker and initiator concentrations that are less than
used in Membrane A. Using a lower monomer-crosslinker and initiator concentrations could
potentially result in superior antifouling performance. Additionally, using lower concentrations
can be better for environmental and cost analysis.
Additionally, for all samples, 20% of the initial monomer concentration was replaced with
EGDMA, a crosslinker. The EGDMA crosslinker allows for better coating adhesion as it increases
the probability of covalent attachment of the SBMA monomer to the membrane surface. Further
variation of the crosslinker concentration may allow for the discovery of the optimal coating
composition.
In addition to varying the crosslinker concentration, more research into understanding the behavior
between initiator concentration and UV polymerization time would be beneficial. Both the initiator
and UV light are responsible for generating free radicals. Reforming the relationship between the
initiator composition and UV exposure time may reduce the amount of initiator or UV exposure
time needed.
Since the performance of Membrane A is statistically similar to the commercially available
membrane, a cost analysis needs to be completed on Membrane A. Commercial implementation
of Membrane A is only practical if it is financially cheaper and faster to manufacture than current
commercially available filters. Additionally, other factors, such as process robustness,
environmental costs, and compliance with regulations must be tested to ensure Membrane A is a
good option for commercial implementations must be tested to ensure Membrane A is a good
option for commercial implementations.
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6. Conclusions
Through experimental research, it was shown that a sulfobetaine methacrylate (SBMA), a
zwitterionic monomer, can be graft polymerized onto a hydrophobic membrane surface via UVinitiated graft polymerization using SpeedCure 4265 photoinitiator and EGDMA crosslinker. The
pSBMA coating layer increased the surface hydrophilicity of the commercial base membrane. The
charged groups on the SBMA particle allow for the utilization of multiple antifouling mechanisms:
the development of a hydration shell and steric hindrance. Lastly, a hydrophobic membrane coated
with 9.50% SBMA, 0.50% EGMA, 1.50% SpeedCure 4265, and polymerized for 30 seconds with
a 365 nm wavelength light illustrated statistically similar antifouling properties when compared to
a commercially available membrane.
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